Absorbance spectroscopy of cardiac muscle provides non-destructive assessment of cytosolic and mitochondrial oxygenation via myoglobin and cytochrome absorbance respectively. In addition, numerous aspects of the mitochondrial metabolic status such as membrane potential and substrate entry can also be estimated. To perform cardiac wall transmission optical spectroscopy, a commercially available side-firing optical fiber catheter is placed in the left ventricle of the isolated perfused heart as a light source. Light passing through the heart wall is collected with an external optical fiber to perform optical spectroscopy of the heart in near real-time. The transmission approach avoids numerous surface scattering interference occurring in widely used reflection approaches. Changes in transmural absorbance spectra were deconvolved using a library of chromophore reference spectra, providing quantitative measures of all the known cardiac chromophores simultaneously. This spectral deconvolution approach eliminated intrinsic errors that may result from using common dual wavelength methods applied to overlapping absorbance spectra, as well as provided a quantitative evaluation of the goodness of fit. A custom program was designed for data acquisition and analysis, which permitted the investigator to monitor the metabolic state of the preparation during the experiment. These relatively simple additions to the standard heart perfusion system provide a unique insight into the metabolic state of the heart wall in addition to conventional measures of contraction, perfusion, and substrate/oxygen extraction.
Introduction
Optical absorbance spectroscopy for monitoring intact organ biochemistry is a widely-used approach due to its intrinsic, non-destructive nature 1, 2, 3, 4, 5, 6, 7, 8, 9 . Myoglobin absorbance provides a measure of the average cytosolic oxygen tension 10, 11, 12 . Mitochondrial cytochromes provide information regarding substrate entry at the level of flavins, membrane potential from cytochrome b L :b H 13 , and oxygen delivery to the mitochondria in the cell from cytochrome oxidase (COX) redox state 14 . Glancy et al. demonstrated that the activities of each complexes can be determined by measuring the mitochondrial membrane potential and the metabolic rate 15 . Hence, using optical spectroscopy, a wealth of information can be obtained without the need of exogenous probes or major modifications of current study systems. The goal of this paper is to present a robust method for collecting transmission optical spectra in conventional perfused heart preparations with the only major modification being performing studies in a darkened environment.
Reflectance absorption spectroscopy has been successfully used to perform optical spectroscopy of the perfused heart 3, 6, 16, 17, 18, 19 as well as the heart in vivo 1 . Reflectance spectroscopy consists of impinging light on the heart surface and collecting the light scattered through the heart as well as diffuse and specular reflected light. Thus, the collected light in this approach is a composite of multiple scattering mechanisms as well as the tissue chromophore absorbances of interest. Due to the motion and complex surface of the heart, the light reflection off the surface of the heart is particularly problematic, altering the depth of penetration and amount of purely reflected light.
The limitations of reflectance absorption spectroscopy presented above were resolved by introducing an optical catheter into the left ventricle cavity, permitting the collection of transmitted light across the left ventricle free wall 20 . The benefits of transmission spectroscopy for this type of study was appreciated in early invasive studies by Tamura et al. 9 The current implementation provides a very robust transmission absorption spectroscopy analysis of the intact heart with regards to cytosolic oxygenation and mitochondria redox state under a variety of conditions 21 . These initial studies used a specially fabricated catheter with a powered LED on the tip oriented to generate a side-firing pattern of white light through the myocardium. However, the relatively large LED tipped catheter is only appropriate for use on medium size hearts (rabbit, guinea pig, etc.) and required custom fabrication. In the current study, a method of using a commercially available 200-micron core side-firing optical fiber as a light guide is presented. Instead of a wired LED at the tip, the catheter with the 500-micro tip redirects light from an external source increasing the versatility of the system. This approach allows the use of a wide variety of external light sources including lasers for applications such as Raman scattering spectroscopy. To quantify this data, an online full multicomponent spectral analysis using known reference spectra to 3. Navigate through all prompts, selecting options for perfused heart spectroscopy acquisition mode. On the next page, indicate whether auxiliary data collection is occurring. Finally, enter acquisition parameters, including location of both chromophores reference spectra and data to be saved. 4. Enter a bandwidth of 490-630 nm. 5. Enter a sampling rate of 2 Hz (i.e. 2 samples/sec). 6. Collect a dark current, or zero light, spectrum to correct for background signal levels by turning the light source off. 7. Click to select the chromophore references desired to be used in the fitting routine. 8. In the Acquire Data page, adjust the position of both the catheter and the pickup fiber to maximize the transmitted light displayed on the software with specific attention to the signal amplitude in the 500 nm region, where the oxygenated myoglobin absorbances should be observed. 9. Make sure the transmitted light is not saturating the detector in the 600 nm region. 10. Ensure no external light sources contribute to the collected spectrum by turning off catheter illumination and confirming no light is now detected. 11. Initiate the data collection by clicking on the Save Spectra button. 12. Click on Set as Control to view the difference absorbance spectrum from future spectra to the current "control" spectrum. 13 . Perform any physiological perturbation as desired.
1. Protocol 1: Effect of Cyanide on Cardiac Performance and Chromophore Absorption 1. Stop recirculating fluid from the heart perfusion. 2. Using a syringe pump, inject cyanide (2.5 to 75 mM at pH 7) at different rates into perfusate just before the aortic cannula to achieve desired concentrations of cyanide (0.025 to 1 mM, calculated from aortic flow rate) in the flowing perfusate into the heart while monitoring cardiac function and optical properties. 3. Stop the cyanide syringe pump when the effects on coronary flow and heart rate along with the optical transmission through the heart wall are at steady state.
2. Protocol 2: Ischemia/Hypoxia 1. Stop cyanide infusion. 2. After 5 minutes switch the bubbling gas from 100% oxygen to 100% nitrogen to remove oxygen from the system. 3. After about 10 minutes, stop the flow to simulate a total ischemic/hypoxic condition.
Spectral data analysis
1. Run the program in the perfused heart analysis mode. 2. Select appropriate spectrometer. 3. Enter the data file path and reference spectra file and select catheter light source, which loads the pre-saved spectrum of the catheter light source. NOTE: if no name is typed, the report is saved with the same name as the input file. The report is saved in a folder named Excel Analysis Files, located in the same folder as the original input file.
Representative Results
The system used is an off the shelf small animal perfusion heart system but was heavily modified for use with a rabbit heart. The modifications were primarily to increase the bore size of all the tubing to assure adequate flow delivery to the rabbit heart. Great care was made to assure, at the perfusion pressures used, the flow rate of the native perfusion system exceeded the flow with heart attached by at least 5-fold. 2-12 µm pore membrane filters were placed in parallel between the fluid pump and the aortic preload bubble trap chamber to remove any debris from the heart. Figure 1 presents the spectrum of the catheter ( Figure 1A ) and the raw spectrum of the transmitted light from the rabbit heart free wall ( Figure  1B) . These data reveal a very large attenuation of light in the blue region of the spectrum, however the bands of absorbance from myoglobin and the mitochondrial cytochromes can be directly observed between 490 and 580 nm in the insert. It is important in these studies to assure enough transmitted light is detected in the region from 490 to 630 nm to obtain information on the metabolically responsive cardiac chromophores. The positioning of the external and internal fibers is adjusted prior to saving data to maximize light intensity but not saturate the detector in the 625 nm region.
Transmitted Light from the Rabbit Heart
Reference Reduced minus Oxidized Spectra of Reference Chromophores in the heart. Figure 2 presents the reference spectra used to fit the difference spectra collected in these studies. These references include myoglobin, cytochrome aa 3 (alternatively cytochrome a 605 and cytochrome a 607 , depending on the type of perturbation 22 ), cytochrome a 580 , cytochrome b L , cytochrome b H , cytochrome c, cytochrome c 1 , FAD, an absorbance representation of the incident light (denoted I 0 , which is used to account for sieved light, that is, photons that went through the tissue without being absorbed), and a line (with varying slope and intercept to account for scattering, not shown in Figure 2 ). Some spectra are noisy, as the concentration of the pure reference material was very low 22 .
Time course of reference spectra fits during total experiment Figure 3 represents the time course of a typical experiment calculated in step 5.15 of the protocol. This consists of a control phase, followed by a cyanide injection phase, followed by a cyanide washout, followed by a deoxygenation phase, and finally ischemia. The changes in the individual chromophores (myoglobin, cytochrome aa 3 , and cytochrome c) over time are plotted over time along with coronary flow rate. The optical density change of each chromophore is estimated by multiplying the fit coefficient obtained from the linear least squares routine and the representative peak of the chromophore (or the maximum absorbance of said chromophore). For example, for myoglobin, the fit coefficient of the myoglobin reference is multiplied by the value of the myoglobin reference spectrum at 580 nm. Note the rapid oxygenation of myoglobin to the addition of cyanide is matched by the increase in flow but is before the significant reduction of cytochromes. This effect is partially recovered with the washout of cyanide. Finally, full reduction of cytochromes and deoxygenation of myoglobin is obtained with ischemia. These data demonstrate that dynamic data concerning the metabolic status of the heart can easily be obtained with this methodology. The position of the spectra used for the difference spectra are marked on this time course as: C baseline, CN cyanide injection, CNW cyanide Washout, H N 2 Hypoxia (nitrogen being bubbled in the perfusate instead of oxygen), and HI No flow ischemia (no perfusate flowing through the heart).
Difference Spectrum of Cyanide Treatment versus Control and Fit of Cyanide Difference Spectrum from Rabbit Heart.
To obtain a difference spectrum, two absolute spectra are subtracted. Each absolute spectrum is obtained by taking an average of many (typically 100) spectra to optimize signal to noise ratio. Figure 4A represents the difference spectrum of the control (C) and cyanide (CN) treated heart. Using the reference spectra outlined in Figure 2 , the fit spectrum is calculated. The residual spectrum is the subtraction of the fit from the raw data. The same scheme is used for all the subsequent spectral presentations. Figure 4B presents the spectra amplitudes of the reference spectra (shown in Figure 2 ) used to fit Figure 4A . Strong increases in absorbance of most of the cytochromes are observed as the flow of electrons down the cytochrome chain was blocked by cyanide in the steady state. In addition, the absorbance of oxygenated myoglobin increased as the consumption of oxygen was eliminated by cyanide. Figure 4C presents the difference spectra and fit of the difference spectrum from CNW and CN, revealing the partial reversal of the cyanide effect. This was accomplished by selecting time points in protocol step 5.18, moving T0 to the CNW and T1 to CN region of the time course. Figure 4D presents the difference spectrum of HI and C, which represents the fully deoxygenated and reduced state of the cytosol and mitochondria versus the control condition. Again, this was performed at protocol step 5.18, moving T0 to C and T1 to HI. Figure 5A shows an example of the initiation of the cyanide effect on the tissue. The fits for myoglobin, cytochrome a 605 and cytochrome c along with the coronary flow are presented for a single heart. These time courses were created at protocol step 5.15 for the cyanide experiment. The individual difference versus the baseline (position 1) are shown in Figure 5B . The spectra were generated from the corresponding position number (1-4) on the time course. This was accomplished at protocol step 5.18, where T0 was always in position 1, and subsequently different spectra (2-4) were created by moving T1 to position 2, 3, and 4 respectively. Somewhat surprising was the observation that flow and myoglobin oxygenation increased before significant changes in cytochrome redox state. The initiation of the changes in flow and chromophore absorbance were estimated by linear extrapolation of the initial rate of change from the baseline. Using this approach, and setting the change in coronary flow as time zero, the increase in myoglobin oxygenation initiated 1.71 min ± 0.39 min after the change in flow, while cytochrome a605 and cytochrome c absorbance were nearly identical but much slower at 4.24 min ± 0.76 min and 4.34 min ± 0.77 min, respectively (n = 8). These data suggest that cyanide relaxes vascular tone 24 before a major change in cardiac muscle metabolic state occurs. This effect is likely caused by cyanide encountering the vascular smooth muscle prior to reaching effective dose around the cardiac myocytes.
Initial time course of cyanide effects on coronary flow and chromophores

Estimates of Myoglobin oxygenation in control hearts
Using the cyanide data as an estimate of total myoglobin oxygenation and the ischemia data for fully deoxygenated myoglobin, we estimate that under control conditions myoglobin was only 88.2% ± 1.0% (n = 10) oxygenated, consistent with prior studies 
Discussion
The isolated retrograde or working perfused heart preparation is a mainstay in the study of cardiac physiology as well as the preclinical investigation of techniques and drugs on the heart. Key to its use has been the ease of preparation, robust functional characteristics and control of experimental parameters as well as the ability to measure many functional parameters of the beating heart. Optical absorbance spectroscopy provides insight into tissue oxygenation as well as mitochondria metabolic activities. Optical spectroscopy has primarily conducted in the isolated perfused heart studies in the reflectance mode that that is difficult to interpret due to motion and light scattering complications.
We have introduced ventricle wall transmission optical spectroscopy (VWTOS) to provide a robust method of monitoring cardiac tissue metabolic chromophores. In a previous publication, we demonstrated that an LED hardwired to the tip of coaxial cable 20 makes a unique intracardiac side-firing light source that can be used for VWTOS perfused hearts. The side-firing refers to the projection of light perpendicular to the long axis of the catheter, ideal for illuminating the ventricle free wall. The LED catheter was small enough to not impact cardiac function but required specialized fabrication in the laboratory. The current study presents the use of a 500 micron commercial side-firing catheter that can be coupled to any light source compatible with fiber optics. These side-firing optical catheters were commercially developed for laser ablation perpendicular to the long axis of the fiber. Naturally, we are using light power much lower than required for photoablation. Smaller fibers are available for use on smaller preparations such as the perfused mouse heart 27 . This fiber optic system provided adequate illumination through the heart wall in the wavelength range where cardiac chromophores absorb (450-630 nm). Using a pickup fiber optic on the outside of the heart, the absorbance of myoglobin and mitochondria cytochromes can be monitored with excellent temporal and spectral resolution (see Figure 5) . The side-firing fiber optic approach has several advantages over the LED catheter for VWTOS, including a much smaller cross-sectional profile of the catheter that minimizes the impact of the catheter on the heart, more flexible reducing impact on cardiac valve and ventricle performance, no electrical connections that can short out in the saline perfusate, and finally a catheter that uses an external light source that increases the flexibility of light source selection for VWTOS.
Due to the strong absorbance of the heart below 490 nm, it is difficult to generate much information on the Soret band of the cytochromes in the region of 410-445 nm or NADH at 340 nm. Thus, the broad absorbance of FAD at 450 nm is the lowest frequency absorbance that is observed, though the entire absorption peak of this chromophores is not sampled. Using VWTOS the signal to noise ratio is very high as the entire wall is sampled in contrast to surface reflection spectroscopy, commonly used 20 , which only samples the surface of the heart with numerous scattering issues. VWTOS sampling the entire heart wall is more analogous to Nuclear Magnetic Resonance Spectroscopy (NMRS) measures of many cardiac metabolites such as 31 P detected adenosine triphosphate and creatine phosphate 28 , 13 C detected labeled metabolites 29, 30 including hyperpolarized labels 31, 32 , and 1 H detected metabolites 33 . As the VWTOS can be conducted using non-magnetic devices, it is completely feasible that NMR and VWTOS could be conducted simultaneously. VWTOS is not limited to endogenous chromophores and could be used to monitor absorption from optical probes for pH, Ca
2+
, and plasma membrane potential. We use 2 Hz (i.e. 2 samples/sec) which provides excellent single spectrum signal to noise. Though higher sampling rates can be achieved that permit cardiac cycle analysis, previous studies have demonstrated that there's no beat to beat variation in the chromophore absorbance, so no effort to selectively collect light as a function of cardiac cycle was made 34 . The added advantage of full spectral analysis is the generation of a goodness of fit from the residuals, not available in dual beam protocols.
In this study, we focused on the effect of cyanide on the optical properties of the heart. As cyanide blocks cytochrome oxidase, it inhibits oxygen consumption and essentially results in a net reduction of all of the cytochromes as the electrons back up in the cytochrome chain. However, the membrane potential apparently remains high, as the redox changes in b L and b H are very small when compared to cytochrome c 13 . With the cessation of oxygen consumption, the oxygen tension in the tissue should approach the perfusate and we noted an early increase in oxygenated myoglobin with cyanide consistent with the notion that the saline perfused heart, even in retrograde perfusion modes, is not fully oxygenating myoglobin in the cytosol 19, 20, 21, 36 . Comparing the maximum effect of cyanide on oxygenated myoglobin with the fully deoxygenated spectrum obtained with ischemia reveals a myoglobin oxygenation of only about 88%, consistent with previous studies.
It is important to note in this study that the cyanide effects on myoglobin oxygenation and cytochrome reduction were temporally resolved. It is surprising that the effects of cyanide were first observed on coronary flow and myoglobin before large changes in the heart's cytochromes redox state was observed. The early marked increase in flow suggests that an effect on arterial smooth muscle 24, 37 may occur before gross metabolic effects in the heart cells are observed. The increase in flow, potentially with a modest cyanide induced decrease in respiration, likely results in the immediate increase in oxygenated myoglobin caused by the increase in oxygen delivery. With the spread of the cyanide inhibition to the myocytes, a further increase in coronary flow is observed (see the region marked 3 in Figure 5a ), likely driven by numerous metabolic factors 38 . The large early impact of cyanide on flow suggests that the metabolism of the vascular smooth muscle may be more potent in altering vascular tone than the metabolism of the myocytes. These data support the well-established notion that myoglobin has a much lower affinity for oxygen than COX, even in the intact heart, as myoglobin oxygenation occurred well before changes in mitochondria redox state ( Figure 5 ). This high level of deoxygenated myoglobin under control conditions is consistent with prior studies suggesting that the isolated saline perfused heart may be partially hypoxic even under control conditions 9, 19, 20, 21, 27, 36 , underscoring the importance of monitoring cardiac tissue oxygenation when using this important model in cardiac physiology.
We present here the experimental details for conducting transmission absorption spectroscopy on the isolated perfused heart. We have successfully adapted this technique for use on the hearts from the rabbit to the mouse by using a thin side-firing intracardiac optical fiber. Utilizing state of the art full spectral fitting routines, the complex optical interaction of the cardiac chromophores can be easily extracted providing, a near real-time measure of critical elements of myocardial metabolism simultaneously with conventional functional measures.
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